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Abstract 
Consideration is given to fabricating a pass-through retarding-field electrostatic micro-lens within the base region of an atomic
force microscope (AFM) cantilever. The considered arrangement is mounted within a scanning electron microscope and uses the 
AFM control mechanism to position the sample adjacent to a micro-lens, permitting the achievement of a sample-to-lens 
working-distance of the order 10 ȝm. An outline of the procedure for fabricating the micro-lens is given. Calculations indicate 
that the small working-distance and on-axis principal aberrations of the micro-lens will allow a low-energy electron beam to be
focused on the sample-surface with a current-density distribution, and hence expected spatial-resolution, that compares 
favourably with existing low energy electron microscopes (LEEMs). In addition, the considered arrangement facilitates the 
spatial-correlation of AFM and scanning LEEM data.  © 2008 Elsevier B.V.
PACS:  07.78.+s;  07.79.-v, 07.79.Lh;  68.37.Nq;  68.37.Ps;  68.37.Hk 
Keywords:  Atomic force microscope;  Low energy electron microscope;  Micro-lens;  Electron probe;  Scanning electron microscope 
1. Introduction 
Over recent years, various schemes have been considered and constructed that combine scanning probe 
microscope and scanning electron microscope (SEM) instrumentation and techniques. Atomic force microscope 
(AFM) and SEM instruments were first simply combined into a single tool some time before 1984 [1,2], and since 
then many novel instruments with an electron source mounted on a scanning probe cantilever have been created, 
proposed and modelled, e.g. [3-5]. These combined instruments offer unique capabilities such as rapid in-vacuum 
switching between observation modes, physical compactness, and simplified spatial correlation of SEM and AFM 
observations, in comparison to physically separate instruments. 
Techniques and instrumentation for low energy electron microscopy, both parallel-imaging [6,7] and scanning 
LEEMs [8,9] have similarly progressed over recent years. These instruments use a cathode-lens arrangement to 
create a retarding electrostatic field immediately in front of the sample surface. The apertures of this lens are 
typically at distance of ~1 mm or less from the sample and the incoming primary electrons are decelerated in this 
region, yielding a landing energy on the sample surface of a few eV, or even < 1 eV in some systems. At these low 
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energies, the wavelength of the incident electrons becomes comparable to interatomic distances, and electron 
interference effects are observed. Consequently, diffraction contrast [8,10] and energy band contrast [8,11,12] are 
among the phenomena that are uniquely observable with LEEM. 
In general, reducing the geometrical scale of an optical system reduces the magnitude of its aberration 
coefficients, as has been studied for various micro-lens arrangements [13,14]. In essence, the arrangement proposed 
here applies this principle to provide a scanning LEEM scheme with a predicted focused beam diameter 
improvement over existing instruments. Fabricating a retarding field electrostatic micro-lens, with aperture diameter 
10 ȝm or less, in the base region of an AFM cantilever, allows the AFM feedback mechanism to be simply used to 
position the sample within ~10 ȝm of the lens. These dimensions are much less than those of the aforementioned 
cathode lenses used in conventional LEEMs. However, in this scheme it is proposed that the sample is physically 
scanned beneath the micro-lens using a piezo-actuator, rather than using more conventional electrostatic deflection 
of the beam. Physically scanning the sample avoids consideration of the deflection aberrations and simplifies the 
correction of astigmatism, as the beam is operated on a fixed axis through the micro-lens. Field of view and 
scanning rate restrictions are then only limited by the piezo-actuator capabilities. 
A detailed description of the arrangement is given, along with an outline of the fabrication scheme for the micro-
lens within the cantilever. Parts of the micro-lens fabrication process presented in this work have been successfully 
experimentally demonstrated [15,16]. This goes beyond a similar scheme proposed with the aim of achieving 
deterministic single-ion doping, where the fabrication procedure for this proposed micro-lens and its integration 
method were not given [17]. 
The principal electron optical properties of the system, namely the spherical, chromatic and diffraction 
aberrations, are calculated and combined using a wave optical treatment to determine the current-density distribution 
in the sample-surface plane. This indicates that this system will provide an expected spatial resolution that compares 
favourably with existing parallel imaging LEEM, and offers an improvement over the resolution demonstrated in a 
scanning LEEM [8], while relaxing the sample-planarity requirements. In addition, the instrument would simplify 
the collection of spatially correlated LEEM and AFM data. This combination provides information unobtainable by 
other means, as recently demonstrated, for example, in the development of organic electronic devices [18]. 
2. Arrangement and fabrication 
Central to the scheme is the fabrication of an electron micro-lens in the ‘base’ region of an AFM cantilever, 
which is itself placed in the chamber of a SEM, as in Fig. 1. Here, the focused primary electron beam is aligned, 
using conventional SEM imaging methods, to the central axis of the micro-lens. The back face of the cantilever is 
metallized and held at the SEM ground potential to screen the incoming primary electron beam from the electric 
field produced by the negatively-biased sample beneath the cantilever. Depending on the sample geometry, a further 
electrode (not shown) that closely fits around the cantilever may be required for further screening, to reduce the 
possibility of electron beam distortion caused by an otherwise irregular electric field above the cantilever. The 
electrodes within the micro-lens are electrically biased to decelerate the primary electron beam and focus it on the 
sample surface. 
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In operation, the scheme would first use the AFM, conventionally operated with reflected laser light and a 
position sensitive detector (PSD), to gain information about the sample topography. Once the sample topography is 
known and features of interest have been identified, the sample would be retracted away from the AFM tip a small 
distance (~ 1 ȝm) and the region of interest positioned at a known distance beneath the micro-lens. Scanning LEEM 
imaging would then proceed with the cantilever maintained at a fixed position, relative to the SEM electron lenses, 
and with a piezo-electric drive used to physically scan the sample. Electrons scattered from the sample surface 
would be accelerated through the micro-lens towards an annular backscattered electron detector and the signal from 
this would be recorded. 
To illustrate the fabrication and operation principle of the arrangement, a typical envisaged micro-lens geometry 
(Fig. 2) is studied. The dimensions of this proposed arrangement take into consideration the fabrication process, 
detailed more later. The critical dimension of the lens-exit sample-surface separation is set equal to the length of a 
short-tip AFM cantilever, so here zsep = 6 ȝm. The micro-lens aperture diameter is 6 ȝm at the front face and 8 ȝm at 
the back face. The taper accounts for the anisotropy of the reactive ion etch or focused ion beam process used to 
form the aperture. The thicknesses of the electrodes and dielectric layers, which can be scaled approximately from 
Fig. 2, are chosen to achieve the focus and dielectric strength requirements, detailed later. Dielectric and metal films 
of this thickness can readily be deposited by standard physical or chemical vapour deposition techniques. 
The back face electrode is maintained at the SEM ground potential (V1) and, in the modelling considered here, 
the front-face electrode (V5) and sample (VS) potential are arranged with V1 > (V5 = VS) to create a retarding 
electrostatic field, while aiming to minimize the field strength at the sample surface. In principle, the goal of 
achieving some degree of independent control of the focal length and beam energy with this arrangement of 
potentials can be realized with only one additional electrode, say V4. However, as devices with an electrode 
arrangement similar to that shown in Fig. 2 have previously been fabricated and experimentally characterized [16], it 
was of particular interest to determine the effect of intermediate additional electrodes (V2 and V3). 
The proposed arrangement of the micro-lens is further detailed in Fig. 3. The fabrication is envisaged to proceed 
from a substrate prepared with dielectric membrane windows, such as low-stress Si3N4 on silicon, as widely used in 
TEM membrane grids [19]. This dielectric membrane would constitute the dielectric between electrodes V1 and V2
(see Fig. 3a). A multiple layer stack, suggested to be composed of W and SiO2, would then be deposited on the 
membrane front side (to form electrodes 2 to 4), and a single layer of W would be deposited on the membrane back 
face. Tungsten (W) is chosen in particular for its lack of reactivity with HF, which is used later to etch the SiO2;
however, other conductive materials could be used. 
Fig. 1. General arrangement of the micro-lens within an 
AFM cantilever, mounted inside a SEM.
Fig. 2. Cross section through a typical micro-lens arrangement. Not 
all of the electrodes V2 – V4 are required for minimal operation. 
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Fig. 3. Detailed schematic views of the proposed cantilever arrangement. (a) Cross-section taken through A–A of the plan view. 
(b) Where the cantilever is depicted before the deposition of the conformal dielectric and metallization layers. 
With this stack deposited, the electrode outer regions would be delineated using photo-resist masking and wet 
etching, and contact leads would be deposited using lift-off processing. These process steps are described in greater 
detail elsewhere [16], where they were used to make a similar device. Following this, conformal dielectric and metal 
layers would be successively deposited on top of the electrode stack and spanning the entire front-side of the 
cantilever. The lens aperture would be etched through the resulting structure, either using focused ion beam etching 
or anisotropic reactive ion etching (RIE) through a mask layer. The cantilever region would similarly be parted from 
the membrane window by RIE. Undercut and cleanup of the exposed dielectric layer surfaces in the lens aperture 
and elsewhere would then be performed by wet etching using, typically, hydrofluoric and phosphoric acid. Finally, 
the tip would simply be fabricated using one of the many methods developed for forming AFM tips by electron 
beam induced deposition [20]. 
3. Calculated behaviour 
Calculations were performed to determine the current density distribution in the sample surface plane. The 
situation considered here assumes an incoming primary focused electron beam with an energy of 500 eV (readily 
attainable in most modern SEMs) with a Gaussian energy distribution of 0.5 eV 1/e full width, i.e. typical from a 
cold field emission source. As previously noted, the condition SEM ground = V1 > (V5 = VS) is applied and, for the 
purpose of this cursory investigation, the conditions V3 – V1 = –480 V and V2 – V1 = –400 V are further applied. 
The electrode potentials are also constrained by the electric field strength sustainable by the dielectric layers. 
Vacuum microelectronic devices with micron scale electrode spacings and SiO2 dielectric, such as Spindt cathode 
devices [21], are routinely operated with field strengths of 200 V ȝm1 over the exposed dielectric edges. Thus, the 
conditions described appear realizable, as these subject the dielectric layers to a field strength < 54 V ȝm1 for a 
beam energy at the sample surface plane, ES, of 100 > ES > 0. 
Within these constraints, VS can be freely set to determine the electron beam energy at the sample surface; for 
example, to achieve ES = 20 eV, VS = 480 V. The potential V4 required to position a Gaussian image on the sample 
surface of an object at z = 14zsep, was determined using MEBS software [22], as described in more detail later. 
Considering a typical resulting electric potential distribution in front of the cathode surface for ES = 20 eV, Fig. 4, 
it is seen that for r < 4 ȝm the field in front of the sample surface is at most ~ 0.45 V ȝm1. At greater r the field 
strength rapidly falls off. While this field strength is only about an order of magnitude smaller than typically 
employed in LEEMs [7], it is important to note that this field only exists over a very small area of the sample in 
comparison to other LEEMs. Thus, the sample planarity requirement is more relaxed with this arrangement; only a 
small near-planar region of the sample appears necessary to achieve a good beam diameter. 
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Fig. 4. Equipotential contours in the region above the sample surface for the case of ES = 20 eV. Values in Volts, 
relative to the electron (cathode) potential: 20.1 – 20.9 (gray, 0.1 V separation), and 21 – 42 (black, 1 V separation). 
At low electron energies, particularly with large beam half-angle D, the approximations used to formulate widely 
used aberration integrals and paraxial ray equations can lead to calculation errors. Thus, the two independent 
methods of high-accuracy ray tracing and conventional ray equation and aberration integral evaluation (respectively 
using IMAGE and ABER5 codes [22]) were used to determine the required V4 to achieve focus and the aberration 
coefficients.
While the determined V4 values, given in Table 1, agreed to within 0.01% between the two methods, high-
accuracy ray tracing gave greater aberration-coefficient magnitudes than the aberration integral evaluation method. 
The spherical aberration coefficient, Cs, determined through ray-tracing (IMAGE) with ES = 2 eV is 7.9% greater 
than that obtained through ABER5; however, with ES = 20 eV, this reduces to only a 1% difference. Better 
agreement is seen with the calculated chromatic aberration coefficient, Cc, where with ES = 2 eV only a 2.2 % 
difference in the results of the methods is present. Subsequent calculations use Cs and Cc determined from the high-
accuracy ray-tracing method and given in Table 1. 
Table 1 
The required V4, relative to the electron (cathode) potential, to provide a focused image on the sample surface, 
and the beam diameter containing 50% of the current, for various demagnified source sizes, DG, at selected ES.
ES (eV) V4 (V) Cs (ȝm) Cc (ȝm) Total current 20% – 80% rise distance for demagnified source size DG (nm) 
    DG = 0 DG = 2 DG = 3 DG = 4 DG = 5 
20 27.5 16.8 5.27 2.5 2.9 3.3 3.8 4.3 
10 38.8 7.3 2.66 3.2 3.5 3.8 4.2 4.7 
5 50.3 3.3 1.37 4.4 4.6 4.8 5.1 5.5 
2 64.2 1.3 0.58 6.6 6.7 6.9 7.1 7.4 
These coefficients, the beam-aperture half-angle at the image plane, D1, and ES are sufficient for wave optical 
theory to be applied to calculate the achievable electron-probe size, in a manner which intrinsically includes the 
effect of diffraction. Here, higher-order aberrations are assumed insignificant; this seems particularly reasonable as 
the beam is fixed on the micro-lens central axis, i.e. no deflection through the micro-lens occurs. 
The starting point for the calculation is to consider a point source of electrons with initial energy distribution 
NE(E0), where E0 is the initial energy, and determine the current density distribution in the image plane. This 
distribution is commonly referred to as the polychromatic point spread function, Jpoly(r), which at the Gaussian 
image plane using wave optical theory [23,24] is given by 
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and O is the wavelength of the electron beam, J0 is the Bessel function of the first kind of order zero, i = 1 , and 
I is the total beam current. For an extended (non-point) electron source with intensity distribution in the image plane 
given by E(r) (A m2 sr1), the current-density distribution is the convolution integral 
dAJrrJ
A polytotal ³³ )(ˆ)()( 1 UE  (3) 
where ˆ ( )polyJ U  is Jpoly(r) as defined in equations (1) and (2) calculated for I / (SD12) = 1 A sr-1, r1 is the distance from 
the central axis to the element of area dA and ȡ is the distance from dA to the point where Jtotal is to be calculated. 
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where I0 is the modified Bessel function of the first kind of order zero. 
The image plane brightness distribution E0 can be characterized by its 1/e fullwidth, which is often called the 
effective demagnified source diameter, DG. The diameter DG attainable depends on the design details of the SEM 
column and gun; however, given that modern equipment can provide a resolution of ~ 5–20 nm with a 500 eV 
imaging energy [25] (without a retarding field), and the micro-lens here demagnifies the object by 3–4, it seems 
reasonable to consider DG in the range 2–5 nm. Thus, Jpoly(r) (Fig. 5) and Jtotal(r), with this range of DG, were 
calculated in the low-energy regime 2 < ES (eV) < 20. In these calculations, setting D1 = 50 mrad gave 
approximately the minimum beam diameter. The rise distances from 20% to 80% of the total current, when the 
beam is scanned over a knife edge, were extracted from the calculated functions and are collected in Table 1. 
These calculated values represent an improvement over the resolution demonstrated in a scanning LEEM [8] and 
even compare favourably with the superior resolution of a parallel imaging LEEM, where the expected resolution 
limit with an electron energy of 10 eV is 3–4 eV [7] and ~ 5 nm has been demonstrated. 
Fig. 5. Polychromatic point spread function, 
Jpoly(r), for the micro-lens with ES = 2, 5, 10 
and 20 eV and D1 = 50 mrad. 
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4. Conclusion 
The arrangement of fabricating a retarding-field electrostatic micro-lens within an AFM cantilever for LEEM is 
considered from the presented analysis to be realizable and offers advantages for scanning low energy electron 
microscopy. The scheme offers a reliable means to achieve ~ 10 ȝm separation between the micro-lens exit and the 
sample. Further, through the use of a micron-scale electron lens the sample-planarity requirement is relaxed (only a 
~10 ȝm diameter planar region is required) and a resolution competitive with parallel imaging LEEMs appears 
within reach. 
A piezo-electric actuator is envisaged to scan the sample beneath the micro-lens, with the electron beam operated 
on a fixed axis. With this arrangement, the scan size is limited only by the actuator capabilities and the influence of 
aberrations on the focused electron beam diameter is minimized. The calculated beam current-density profile 
indicates that a system resolution comparable to that of parallel imaging LEEMs, 3–4 nm at 10 eV, should be 
achievable. At these low energies, the wavelength of the incident electrons becomes comparable to interatomic 
distances, and electron interference effects are observed in the scattered electron data. The arrangement would 
readily be able to provide spatially correlated AFM and LEEM information on a sample, and thus is of particular use 
for surface science investigations and perhaps for integrated circuit critical-dimension measurement. 
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